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Solution structure and dynamics of a designed hydrophobic core
variant of ubiquitin
Eric C Johnson1,2, Greg A Lazar2, John R Desjarlais3 and Tracy M Handel2*
Background: The recent merger of computation and protein design has
resulted in a burst of success in the generation of novel proteins with native-like
properties. A critical component of this coupling between theory and
experiment is a detailed analysis of the structures and stabilities of designed
proteins to assess and improve the accuracy of design algorithms.
Results: Here we report the solution structure of a hydrophobic core variant of
ubiquitin, referred to as 1D7, which was designed with the core-repacking
algorithm ROC. As a measure of conformational specificity, we also present amide
exchange protection factors and backbone and sidechain dynamics. The results
indicate that 1D7 is similar to wild-type (WT) ubiquitin in backbone structure and
degree of conformational specificity. We also observe a good correlation between
experimentally determined sidechain structures and those predicted by ROC.
However, evaluation of the core sidechain conformations indicates that, in general,
1D7 has more sidechains in less statistically favorable conformations than WT.
Conclusions: Our results provide an explanation for the lower stability of 1D7
compared to WT, and suggest modifications to design algorithms that may
improve the accuracy with which structure and stability are predicted. The
results also demonstrate that core packing can affect conformational flexibility in
subtle ways that are likely to be important for the design of function and
protein–ligand interactions.
Introduction
An important hurdle in protein design has been to under-
stand and control structural specificity, a property of a
protein that refers to its ability to adopt a well-defined
conformation. The lack of structural specificity in early
designed proteins was attributed to two shortcomings: poor
packing in the hydrophobic core and lack of interactions
between non-core residues that either stabilize a specific
conformation or destabilize alternative conformations
[1–4]. Of these, core packing has received the most atten-
tion as it has long been thought to play a central organizing
role in protein structure [5,6]. This prompted several
groups to focus on optimizing packing [7–13] in order to
achieve specificity in their designs and to systematically
explore the effect of core packing on protein structure.
We previously reported the development of ROC
(Repacking Of Cores) [7,14], a program that facilitates the
design of protein hydrophobic cores. The program uses a
genetic algorithm with a van der Waals potential as a
scoring function to optimize a search for alternative core
sequence-structures. The input is the backbone and non-
core sidechain coordinates of a crystal structure which
serve as a template; the output is a list of alternative core
sequences and structures, rank ordered by their fitness
according to the energy function. As an experimental test
of ROC, we designed and characterized a number of
hydrophobic core variants of the protein ubiquitin [14]. In
general, these designs show circular dichroism (CD)
spectra that are virtually identical to wild type (WT), do
not bind the hydrophobic dye 8-anilino-1-napthalene-
sulfonic acid (ANS), and have well-dispersed 1H NMR
spectra. At this level of characterization, which in the past
has been standard for evaluating the quality of a designed
protein, the results demonstrate that ROC is effective in
identifying alternative core sequences that result in pro-
teins with native-like properties. Additionally, despite the
simplicity of the energy function, we demonstrated that
the program does a good job in predicting the relative sta-
bilities of these variants, with a linear correlation coeffi-
cient of 0.82 [14]. Further improvements of our design
algorithm have improved this correlation to 0.91 (N Pokala
and TMH, unpublished results).
In order to confirm the structural accuracy of the program
and understand at a finer level the effect of core packing
on protein structure, stability, and dynamics, we investi-
gated the variant 1D7 in more detail. This variant has 7 of
its 14 core residues mutated to other hydrophobic amino
acids (see Table 1 for a comparison of core sequences) and
is destabilized by 2.0 kcal mol–1 relative to WT. Impor-
tantly, since its core volume differs from WT by only
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+8 Å3, less than the volume of a single methylene group,
differences from WT can be interpreted primarily in terms
of packing effects. In the present study, we used hetero-
nuclear NMR spectroscopy to determine the solution
structure of 1D7. We also investigated backbone speci-
ficity through amide exchange and 15N relaxation mea-
surements and sidechain specificity through methyl group
dynamics experiments. These data are compared to
similar measurements on WT ubiquitin.
Results and discussion
Overall structure of 1D7 and comparison to WT ubiquitin
Figure 1a shows a stereoview of the backbone superposi-
tion of the 20 lowest energy structures from a total of 40 in
the final round of calculations. The ensemble is well-
defined with an rmsd (root mean square deviation) from
the mean structure of 0.41 Å for backbone atoms and
0.85 Å for all heavy atoms over the ordered region
(residues 1–71). The number of restraints (2397 NOE,
70 hydrogen-bond, 95 dihedral angle and 63 dipolar-cou-
pling restraints) and statistics also reflect the high quality
of the structures (Table 2). Backbone superposition of the
1D7 structure closest to the mean with the 1.8 Å WT
crystal structure [15] (Figure 1b) indicates that the back-
bone conformation is essentially the same in both struc-
tures (rmsd = 0.73 Å). This is also clearly indicated by a
comparison of the residual NH dipolar coupling constants
[16] measured on samples of the proteins in magnetically
oriented lipid bicelles (Figure 1c). The correlation coeffi-
cient of 0.98 suggests that the individual NH bond vectors
in the two proteins are oriented largely in the same direc-
tion relative to the molecular alignment tensors, which are
assumed to be nearly coincident. Previous studies have
shown that local changes in structure can occur upon
968 Structure 1999, Vol 7 No 8
Table 1
Predicted versus experimental rotamers.
Residue Predicted Experimental
χ1 χ2 Percent Rank χ1 χ2 Percent Rank
1D7
3 V –60 20 2 –60* 20 2
5 L 180 60 27 2 180* 60* 27 2
13 V –60 20 2 180⇔–60 71⇔20 1⇔2
15 I –60 –60 16 2 –60 180(4@–60) 57(4@16) 1(4@2) 
17 V –60 20 2 –60* 20 2
23 V 180 71 1 180* 71 1
26 F 180 90 32 2 180* 0 2 5
30 I –60 –60 16 2 –60* 180* 57 1
43 L –60 180 56 1 –60* 180* 56 1
50 L –60 180 56 1 –60* ⇔† 56⇔8 1⇔3‡
56 L –60 180 56 1 –60* 180 56 1
61 I –60 180 57 1 –60* 180* 57 1
67 I –60 180 57 1 –60* 125⇔68§ <1⇔3 –⇔5
69 L 180 60 27 2 180* 60* 27 2
WT
3 I 60 180 13 3 60* 180 13 3
5 V 180 71 1 180* 71 1
13 I 60 180 12 3 –60 180 57 1
15 L –60 180 56 1 –60 180(2@–60) 56(2@2) 1(2@5)
17 V –60 20 2 –60* 20 2
23 I –60 –60 16 2 –60* –60 16 2
26 V 180 71 1 180* 71 1
30 I –60 180 57 1 –60* 180 57 1
43 L –60 180 56 1 –60* 180 56 1
50 L –60 180 56 1 –60* 180 56 1
56 L –60 180 56 1 –60* 180 56 1
61 I –60 180 57 1 –60* 180 57 1
67 L –60 180 56 1 –60 60 8 3
69 L 180 60 27 2 180* 60 27 2
Core residues that differ between WT and 1D7 are underlined.
Rotamers are deemed correct if they agree within ± 40°. For simplicity
of presentation, rotamers have been rounded to the nearest canonical
value. Incorrectly predicted and poorly defined rotamers are shown in
boldface italics. Where there is a spread in the ensemble of NMR
structures, the symbol ⇔ is used to indicate the range of χ angles, or
the number out of ten that populate a second conformer is given. The
percent/rank is the percent occurrence of each rotamer and the rank
ordering according to the backbone independent library of Dunbrack &
Cohen [27]. *χ angles determined by quantitative J coupling
measurements. †No preferred rotamer in the ensemble of structures.
‡Difficult to assign due to the spread of actual χ angles. §χ2 angle
deviates significantly (> 40°) from canonical values and is therefore
exceedingly rare.
mutation of core residues [8]. The similarity between the
1D7 and WT structures confirms ROC’s ability to predict
alternative core sequences that maintain the backbone
structure of a protein.
Amide-exchange protection
Amide hydrogen/deuterium (H/D) exchange provides an
excellent measure of structural specificity because of its
sensitivity to both global unfolding and local structural
fluctuations [17]. Protection factors measured for both 1D7
and WT ubiquitin are shown in Figure 2a. Assuming an
EX2 mechanism, protection factors directly reflect the
equilibrium constant of the unfolding transition required
for exchange to occur [18,19]. Guanidine hydrochloride
(GuHCl) denaturation monitored by CD indicates that
1D7 is destabilized by 2.0 kcal mol–1 relative to WT, which
translates to a loss of approximately 1.5 orders of magni-
tude in protection for those amides exchanging due to the
global unfolding transition (P∆G = 8.4 ± 2.0 × 104 for WT
and 3.0 ± 0.5 × 103 for 1D7). As can be seen, many amides
in 1D7 have protection factors approximately an order of
magnitude lower than WT. They reside predominantly in
the major secondary structure elements of the protein and
generally have the highest protection. These results
suggest that packing in 1D7 has primarily affected the
global unfolding transition for these regions of the protein.
Protection factors less than those predicted from the global
stability arise from partial unfolding or local fluctuations of
the backbone [18,19]. There are several residues that fall
into this category and show the same or similar protection as
WT. The majority of these amides reside in loops or turns
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Figure 1
Structures of 1D7 versus WT. (a) Stereoview
of an ensemble of the 20 lowest energy
structures of 1D7. Sidechains of core
residues are displayed in green and the N and
C termini are labeled. (b) Superposition of the
structure of 1D7 closest to the mean (blue)
with the crystal structure (red; accession code
1UBI [15]) the coordinates of which were
used for the design. (c) Residual dipolar NH
couplings of partially oriented 1D7 (y axis)
versus WT ubiquitin (x axis) in DMPC:DHPC
bicelles [16]. WT dipolar couplings were
taken from Cornilescu et al. [25]. The
difference in the range of dipolar couplings
between the two samples is due to
differences in bicelle content.
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(residues 23, 36, 41, 61), at the ends of secondary structural
elements (residues 25, 31, 45), and at the most solvent-
exposed position in the α helix (residue 28). These results
indicate that the local fluctuations are less obviously
affected by the packing mutations. There are exceptions,
however: four amides show higher protection in 1D7 than
in WT (residues 40, 48, 50, 51). The latter three residues
are in β strand 4, whereas residue 40 is in a turn contacting
β strand 3. Thus, it appears that the core packing has stabi-
lized some regions of 1D7 relative to WT. This is supported
by the backbone and sidechain dynamics discussed below. 
In both WT ubiquitin and 1D7, a number of amides have
protection factors greater than expected from the global sta-
bility measurements (Figure 2b). These amides are located
primarily in the center of the first two β strands and helix 1.
One possible explanation for the heightened protection is
that the unfolded state of ubiquitin is partially structured.
This is consistent with our observation of a significant CD
signal for GuHCl-denatured 1D7 and WT ubiquitin (GAL
and TMH, unpublished results), and with NMR studies
on the partially folded A-state of ubiquitin in 60%
methanol/40% H2O, pH 2.0, which shows native-like sec-
ondary structure for residues 1–33 [20]. It is also interesting
that WT, 1D7, and another ubiquitin variant (GAL and
TMH, unpublished results) have hyperprotection in the
same region of the protein, suggesting that the alternative
core packing arrangements do not significantly affect the
structure of the unfolded state. This supports the notion
that the unfolded-state structure consists of loosely associ-
ated clusters of hydrophobic residues, which should be
most affected by significant changes in hydrophobic surface
area and less so by packing. Because the core volume of the
ubiquitin variants are all similar to WT, it is not surprising
that the unfolded-state structure is preserved.
Backbone dynamics
Heteronuclear relaxation experiments measure motions
spanning a range of milliseconds to picoseconds, which are
generally faster than those sampled by H/D exchange. In
order to investigate conformational specificity on these
faster time scales, we measured 1H–15N heteronuclear
NOE and 15N T1 and T2 relaxation rates [21] on 1D7 and
WT. Order parameters (S2) for both 1D7 and WT ubiqui-
tin are shown in Figures 3b and c. These reflect the degree
of motion on the nanosecond to picosecond time scale. To
a first approximation, the dynamic character of the two pro-
teins is indistinguishable. With the exception of the C
termini, the proteins are highly ordered, with some regions
being slightly more flexible than others. The pattern of
order correlates with secondary structure, particularly for
the first two β strands and helix 1, which have consistently
higher order parameters than any other regions. The loops
generally show the most flexibility; for example, residues
7–13, between β strands 1 and 2, have lower order parame-
ters than the rest of the protein, excluding the C terminus.
This is paralleled by the near lack of interresidue NOEs
(data not shown) and the higher rmsd (Figures 1,3a) for the
ensemble of solution structures for these residues. There is
also a correlation between secondary structure and order
parameter for the C-terminal halves of the proteins,
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Table 2
Experimental restraints and structural statistics.
Number of experimental restraints
NOE distance restraints* (first round/final round)
ambiguous 1998/443
unambiguous 936/1954
intraresidue 352/697
sequential 54/270
medium-range (2 ≤ [i–j] ≤ 4) 80/187
long-range ([i–j] > 4) 450/800
Hydrogen bonds† 70 (35 H bonds)
Dihedral restraints from coupling constants 95
Dipolar 63
Rms deviations from experimental data
Average distance restraint violation (Å) 0.0015 ± 0.0006
Average dihedral angle restraint violation (°) 0.180 ± 0.028
Average dipolar restraint violation (Hz) 0.286 ± 0.056
Rms deviations from ideal stereochemistry
Bonds (Å) 0.00091 ± 0.00004
Angles (°) 0.295 ± 0.003
Impropers (°) 0.117 ± 0.006
Energy (kcal mol–1)
NOE‡ 0.153 ± 0.115
Dihedral‡ 0.187 ± 0.058
Dipolar 5.34 ± 2.03
Bonds 1.03 ± 0.09
Angles 29.84 ± 0.65
Impropers 1.27 ± 0.12
VDW§ 3.72 ± 0.83
Hydrogen bonds –69.0 ± 3.3
Lennard–Jones –247 ± 15
Ramachandran statistics (residues 1–71)#
Residues in most favored regions (%) 87.5
Residues in additionally allowed regions (%) 11.3
Residues in generously allowed regions (%) 1.0
Residues in disallowed regions (%) 0.3
Coordinate precision (residues 1–71)
Backbone (Å) 0.41
Heavy atoms (Å) 0.85
*The difference in the number of ambiguous and unambiguous nuclear
Overhauser effect (NOE) distance restraints at the start and end of the
calculation is due to trimming of the assignment possibilities based on
distance filtration and percent contribution to the NOE intensity using
the ARIA methodology of Nilges [40] (see the Materials and methods
section). †For each of the 35 identifiable hydrogen bonds, two
restraints were applied: 1.7 ≤ DH–O ≤ 2.2 Å and 2.7 ≤ DN–O ≤ 3.2 Å.
‡The NOE and torsion angle terms were calculated with force
constants of 25 kcal mol–1 Å–2 and 200 kcal mol–1 rad–2, respectively.
§The value of the quadratic van der Waals repulsion term was
calculated with a force constant of 4 kcal mol–1 Å–4. The hydrogen-
bond and Lennard–Jones van der Waals energies were not included in
the target function for simulated annealing. #Ramachandran analysis
was calculated with Procheck-NMR [51].
although there tends to be more variability, presumably
due to the presence of shorter elements of secondary struc-
ture. Overall, the similarity between WT and 1D7 suggests
that the packing mutations have not altered the high fre-
quency motions detected by these experiments. 
Additional dynamics information is present in the exchange
term (Rex) that is required to fit the relaxation data for some
of the residues. This factor is added to the measured T2
relaxation rate to account for any first order contributions
that are not the result of dipole–dipole interactions or chem-
ical-shift anisotropy, and is generally thought to arise from
conformational exchange on the microsecond to millisecond
timescale [22]. Here we see slight differences between 1D7
and WT (Figures 3d,e). In WT, residues at the N terminus
of helix 1 (residues 23–25) and in the loop connecting strand
4 and helix 2 (residue 53) are subject to conformational
exchange. Residues 24 and 53 (highlighted by the arrows in
Figure 3e) are exchange broadened to the extent that the
amide peak of E24 is barely visible above the noise level
and the amide peak of G53 is not visible at all. Residues 23
and 25 also require significant Rex terms (> 1 s–1) to be
included in the fit (Figure 3e), and the inclusion of
anisotropic tumbling [23] does not eliminate this need. The
presence of a hydrogen bond between the amide of I23 and
the carbonyl oxygen of R54 in the WT X-ray [15,24] and
NMR [25] structures suggests that conformational exchange
of these residues may be coupled. In 1D7, there are no
amide crosspeaks that are exchange-broadened to the
extent seen in WT, and only residue 53 requires a signifi-
cant Rex term. Interestingly, the I23–R54 interaction is
involved in stabilizing β strand 4, the same region that has
higher protection factors in 1D7 than in WT (residues 48,
50, and 51 in Figure 2a). Additionally, sidechain dynamics
measurements (Figure 4, discussed below), show restricted
motion in 1D7 relative to WT in this region. In WT, I23 has
average methyl order parameters relative to other isoleucine
residues. V23 in 1D7, however, has the highest methyl
order parameters of any valine in either 1D7 or WT. These
independent measures of conformational flexibility indicate
that despite the lower stability of 1D7, the alternative core
of 1D7 has slightly reduced conformational flexibility in this
region of the protein.
Sidechain conformations — accuracy of predictions and
correlation with dynamics
The sidechain conformations of the core residues are of
interest for two reasons. First, they are necessary to evaluate
ROC’s ability to predict structure and achieve sidechain
specificity. Second, they may provide some insight into the
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Figure 2
Amide exchange protection for 1D7 versus
WT. (a) Protection factors for WT (red) and
1D7 (blue). WT ubiquitin protection factors
have been previously published at slightly
different solvent conditions [48] and are
therefore remeasured here for a direct
comparison. The horizontal bars indicated by
P∆G represent the protection expected from
the global stability of the proteins, measured
by guanidine denaturation using the same
buffer and pH as the NMR measurements.
The detection limit was estimated to be just
below the protection factors of the fastest
exchanging amides that could be measured.
Regions of secondary structure are illustrated
above the figure for reference. (b) Hyper-
protection that exceeds the expected values
based on the stability of the proteins. The
horizontal bar marked ‘significance level’
indicates the approximately threefold
uncertainty in random-coil exchange rates
[49] combined with the uncertainty in the
measurements of global stability.
(a)
(b)
310β1 β2 β3α β4 β5
1
10
104
105
106
107
0 10 20 30 40 50 60 70
0 10 20 30 40 50 60 70
1
10
100
1000
Residue
P
ro
te
ct
io
n 
fa
ct
or
1D7
WT
WT P∆G
1D7 P∆G
Detection
limit
Significance
level
103
102
H
yp
er
pr
ot
ec
tio
n
Structure
coupling between structure, dynamics and stability. Pre-
dicted and experimentally determined sidechain conforma-
tions for 1D7 and WT are shown in Table 1. In both cases,
the experimental data are derived from ensembles of NMR
structures. It is important to note that most of the
sidechains are defined by quantitative heteronuclear J-cou-
pling measurements in addition to NOE data, and are
therefore quite reliable. To better compare sidechain con-
formations and their flexibility, we also measured sidechain
order parameters [26] for 1D7 and WT ubiquitin (Figure 4).
Sidechain dynamics will be discussed in greater detail in a
future paper (ECJ and TMH, unpublished results).
For WT ubiquitin [25], ROC successfully predicted 13 of
14 χ1 rotamers and 10 of 11 χ2 rotamers, with one sidechain
showing a slight tendency for populating a second χ2 con-
formation (Table 1). Similarly, ROC correctly predicts 13
of 14 χ1 rotamers and 5 of 10 χ2 rotamers of 1D7 (Table 1).
The incorrectly predicted χ1 rotamers are for the same
core position, V13 in 1D7 and I13 in WT ubiquitin. In the
ensemble of 1D7 structures, the χ1 angle for V13 varies
between 180° and –60°, and together with the J-coupling
data (not shown), suggests that this dihedral is subject to
rotamer averaging. Comparison of the methyl group order
parameters for all valine residues in both WT and 1D7
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Figure 3
Backbone dynamics of 1D7 versus WT.
(a) Backbone rmsd of the ensemble of 20
structures of 1D7 as a function of residue.
Backbone order parameters (S2) based on
15N relaxation data for (b) 1D7 and (c) WT.
Rex contributions to the backbone relaxation
for (d) 1D7 and (e) WT. Arrows indicate the
positions of severely exchange broadened
residues in WT. Although backbone order
parameters have been published for WT [50],
we repeated these experiments for a direct
comparison with the 1D7 data. Regions of
secondary structure are illustrated above the
figure for reference.
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indicates that V13 of 1D7 is the most dynamic (Figure 4),
with the exception of V70 near the unstructured C termi-
nus (Figure 3b). Likewise, the γ and δ methyls of I13 in
WT are, with one exception, the most dynamic (Figure 4).
The apparent mobility of these sidechains may be
explained by flexibility in the backbone conformation as
evidenced by the higher rmsd and lower order parameters
in the loop between β strands 1 and 2 (Figure 3a–c). 
Of the five χ2 sidechains incorrectly predicted in 1D7, at
least three appear to be poorly defined by the NMR data
(Table 1). Dynamics data (Figure 4) show that this dis-
order in the structure is truly due to flexibility of these
sidechains. The χ2 for L50 shows no preferred position in
the ensemble of NMR structures, consistent with the
lower methyl group order parameters in 1D7 compared to
WT (S2axis = 0.37, 0.37 in 1D7 versus S2axis = 0.66, 0.70
in WT; Figure 4). Likewise, the χ2 for I67 is predicted to
be 180, but experimentally shows a spread between 60
and 150 degrees and has one of the lowest order parame-
ters for Cδ methyls relative to other isoleucine residues
(S2axis = 0.19; Figure 4). The χ2 for the corresponding
residue in WT (L67) is also mispredicted, and although
well defined in the solution structure, its methyl group
order parameters are low compared to other leucines
(S2axis = 0.24, 0.21). Two other poorly predicted χ2
rotamers in 1D7 are isoleucine residues, one occurring in
β strand 2 (I15) and one in helix 1 (I30). In both cases, the
sidechain conformation is predicted to be (–60, –60). For
I30, the actual sidechain conformation is (–60, 180), which
is the most statistically favored rotamer (57% for the actual
versus 16% for the predicted rotamers [27]). I15 has a low
Cδ order parameter (S2axis = 0.26; Figure 4) and samples
two conformations, one at (–60, –60) as predicted and one
at (–60, 180). Because of proximity, the conformational
flexibility of I15 is likely to be correlated with that of V13;
furthermore, L15 in the WT NMR structures shows a
slight tendency for sampling two conformations of χ2 (–60
and 180, Table 1). It is also noteworthy that for three of
these poorly predicted residues (13, 15, and 67), there are
discrepancies in the χ angles observed between the two
available crystal structures [15,24] and/or between each
crystal structure and the solution structure [25].
In summary, the agreement between ROC’s predictions
and experimental sidechain conformations is about as good
as the agreement between the experimentally determined
X-ray structures and between the X-ray versus NMR
structures. Furthermore, all but one of the incorrect pre-
dictions occur for the most flexible residues, as shown by
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Figure 4
Sidechain order parameters, S2axis, sorted by
residue type, for (a) 1D7 and (b) WT
ubiquitin. For Val and Leu methyls, solid and
open triangles correspond to the pro R and
pro S methyls, respectively. For residues
where stereospecific assignments are not
available, both methyls are represented by
open circles. For Ile residues, the Cδ methyl is
represented by a solid triangle and the Cγ
methyl is represented by an open triangle.
S2axis = S2/0.111 and a value of S2axis = 1.0
corresponds to completely restricted motion
of the methyl while allowing free rotation of
the three equivalent hydrogens.
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the backbone and sidechain dynamics. The results indi-
cate that at this very detailed level of analysis, there are
slight differences in the conformational uniqueness of
sidechain structure in 1D7 and WT. While these differ-
ences in core flexibility are subtle, they may be relevant
for the design of binding specificity and function [28].
Sidechain conformations — impact on stability
One of the motivations for determining the structure and
dynamics of 1D7 was to understand the origin of its lower
stability and to use this information to improve the
program. ROC does a reasonably good job of predicting
stabilities [14], and in principle it should be possible to
interpret stability changes from ROC calculations on the
experimentally determined structures. However, in prac-
tice, this is not necessarily valid because of the inaccuracy
of force fields, the simplicity of the energy functions, and
the presence of dynamics. Incorrect relative weighting of
various interactions (i.e. intrasidechain, intersidechain and
sidechain–backbone interactions) would also lead to poten-
tially erroneous conclusions about the source of strain and
stability changes. We therefore took a simple approach for
evaluating sidechain conformations by comparing the
experimentally determined rotamers to a statistically
derived rotamer database. This revealed an interesting
trend. Table 1 shows the probability of finding each core
residue in the conformation observed in the experimen-
tally determined structures. The probabilities and rank are
based on a backbone independent rotamer library derived
from a statistical analysis of sidechains in the Protein Data
Bank (PDB) [27], and the numbers are generally in good
agreement with an earlier library from Tuffery and cowork-
ers [29]. For 1D7, there are five rotamers in the most pre-
ferred conformations, whereas for WT there are eight. In
1D7, three additional residues (13, 15 and 50) sample the
most probable as well as higher energy conformations,
whereas in WT only one residue (L15) has a slight ten-
dency to do so. A threefold difference in rotamer probabil-
ity for a single sidechain corresponds to approximately
0.6 kcal mol–1 of free energy [30]. Thus, it is clear that WT
is subject to less strain, and the differences in percentage
of preferred rotamers are sufficient to account for a
2 kcal mol–1 loss in stability of 1D7 relative to WT.
It is also interesting that many of the incorrectly predicted
rotamers (13, 15 and 30 in 1D7 and 13 in WT) were pre-
dicted to be in the second or third favored conformation,
but experimentally they sample the most preferred con-
formation at least some of the time. This emphasizes the
tendency of sidechains to adopt the most favorable confor-
mation when possible, and suggests modifications to ROC
that should further improve the prediction of stability and
structure. Including sidechain rotamer energies together
with a sampling bias for more favorable rotamers might
improve the performance of the algorithm, both for design
and structure prediction.
Biological implications
In this study we have undertaken a detailed structural
analysis of a ubiquitin variant in order to validate the
ability of the core-repacking algorithm ROC to predict
alternative core sequences and to further investigate the
role of sidechain packing on the structure, stability,
dynamics, and conformational specificity of proteins. To
a first approximation, ROC was successful in designing
1D7 to resemble WT ubiquitin. The designed core of
1D7 has little impact on the global fold of the protein or
subnanosecond backbone dynamics. Similar patterns of
amide-exchange protection are also observed. The mag-
nitude of protection factors for amide protons that
exchange by global unfolding are smaller for 1D7 than
WT, as expected from stability measurements. Yet, other
regions of the proteins that undergo local fluctuations
that lead to exchange have similar protection.
Despite these similarities, we do see some differences
between WT and 1D7, particularly when evaluating core
sidechain conformations and dynamics. The core
sidechain conformations are better predicted in WT than
1D7. This is correlated with the fact that WT has more
core sidechains in the statistically most favored rotamer
than 1D7, suggesting that this may explain the lower sta-
bility of 1D7. Furthermore, most of the mispredicted
rotamers in 1D7 are in more flexible sidechains, and in
addition to sampling the predicted rotamer, they also
generally sample the statistically most favored rotamers.
In contrast, we do not see as much sidechain flexibility in
the core of WT ubiquitin.
The similarity between WT and 1D7 validates the accu-
racy of ROC for designing hydrophobic cores, yet these
differences suggest that modifications to the force field
and optimization methods that favor the use of statisti-
cally prevalent sidechain rotamers will improve the pre-
dictions of both structure and stability. Elsewhere we
will describe another ubiquitin variant which, although
well folded, shows significantly higher levels of
sidechain and backbone flexibility (GAL and TMH,
unpublished results). However, even the subtle differ-
ences in conformational flexibility seen between WT
and 1D7 illustrate the importance of core packing, and
are likely to be important factors to consider for design-
ing functional proteins, protein–ligand interactions, and
conformational change.
Materials and methods
Sample preparation
Gene construction, bacterial expression, and purification of 1D7 and
WT ubiquitin were done as previously described [14] except that
growths were achieved in minimal media containing 15N-ammonium
sulfate and/or 13C-glucose as the sole source of carbon and nitrogen
for the production of uniformly 15N- or 15N/13C-labeled samples. Frac-
tionally deuterated 15N/13C/2H samples were prepared by using 60%
D2O in the growth media yielding uniformly labeled 15N/13C protein
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with an expected 2H content of approximately 50% [31]. Samples were
prepared in 25 mM sodium acetate-d3, 25 mM sodium phosphate,
pH 5.8 at a concentration of approximately 2 mM. 
NMR spectroscopy
Most of the details of the NMR methodology are similar to those
described more completely in a previous report [32]. All experiments
were carried out on a Bruker DMX600 at 30°C. Sidechain T1 and T1ρ
experiments were also carried out on a DRX500. Heteronuclear
assignments and NOE restraints were obtained by a suite of standard
double and triple resonance experiments [33]. These included the 3D
CBCANNH and CBCA(CO)NNH for backbone assignments, and the
4D HCC(CO)NNH and 3D HCCH-TOCSY for sidechain assignments.
Distance restraints were obtained from 3D 15N- and 13C-separated
NOESY and 4D 13C/13C-separated NOESY spectra. Quantitative J
correlation methods [34] provided stereoassignments, as well as ϕ and
χ angle restraints. These included 3D 3JHNHA, 3D HACAHB, 2D
3JNCγ, 3JCOCγ, and long range JCC experiments. 3D 15N-separated
ROESY and TOCSY and a 3D HNHB also provided stereoassign-
ments and χ1 information for methylene groups. Hydrogen-bond
restraints were derived from slowly exchanging amides identified in a
1H-15N HSQC spectrum recorded immediately after resuspension of
lyophilized protein in D2O; a series of such data as a function of time
was also used to calculate protection factors (see below). Dipolar cou-
pling restraints for 63 N-H bond vectors were determined by taking the
difference of the 1JNH coupling constants measured in the ordered,
dilute liquid crystalline (5% solution of 3:1 molar ratio of dimyristoyl
phosphatidylcholine (DMPC) and dihexanoyl phosphatidylcholine
(DHPC) at 38°C) [16] and isotropic (water at 38°C) phases. The 1JNH
coupling constants were measured using a J-modulated 1H-15N HSQC
[35]. By optimizing the fit between the measured dipolar couplings and
those predicted by preliminary structures, the magnitude of the dipolar
alignment (Da) and the rhombicity (R) were determined to be
Da = –5.4 Hz, R = 0.18 for 1D7 and –9.7 Hz, 0.19 for WT [25]. 
Assignments and structure calculations
Assignments for WT were obtained from Wand and coworkers [36]. Data
were processed in the program AZARA (W Boucher, unpublished results)
and assignments were made using the program ANSIG3.3 [37,38].
Crosspeak tables were output from ANSIG and converted to ambiguous
NOE restraint lists in AZARA. Initial structures were calculated with
ambiguous NOEs using r–6 summing and dihedral angle restraints within
the program X-PLOR [39] with ARIA [40] extensions, closely following the
protocol of Nilges [41]. The chirality of non-stereoassigned methyl and
methylene groups was allowed to float by setting the force constants for
improper angles to zero [42]. In addition, random explicit swapping of chi-
rality was done [42]. However, instead of accepting swaps only if they
resulted in lower NOE energies, acceptance was based on a Metropolis
criterion using the resulting NOE energy and a temperature factor opti-
mized for convergence (ARC Raine and BO Smith, unpublished results);
for methyl groups this was 0.05 times the dynamics bath temperature
while for methylenes it was 0.005. As the calculation proceeded, restraint
violations and restraints that contributed little to the NOE intensity were
gradually discarded with ARIA protocols. In the last few iterations of the
calculation, H-bond and dipolar coupling restraints were introduced. In a
few cases where H-bond acceptors were equivocal, the restraints were
treated using r–6 summing, similar to the ambiguous NOEs.
Protection factors
Protection factors were measured with a series of 15N-separated
HSQCs. Peaks were fit to 2D gaussians using the program Priism [43].
The exchange rates were calculated by fitting peak heights to a decay-
ing exponential with a baseline. Protection factors were calculated from
the equation:
P = krc/kobs (1)
where krc is the exchange rate expected for a random coil and kobs is
the measured exchange rate. krc is calculated using the method of
Bai et al. [44], taking into account the contributions from neighboring
sidechains, pH and temperature. Under EX2 conditions, protection
factors for the slowest exchanging amides should reflect the global sta-
bility of the protein according to the equations: 
kobs = Kop krc (2)
∆G = –RT ln Kop (3)
Here, Kop is the equilibrium constant of the opening reaction that
leads to exchange [18,19]. Hyper-protection was calculated by divid-
ing the protection calculated from the stability of the protein from the
observed protection.
Backbone and sidechain dynamics
Backbone dynamics information was derived from the 1H–15N hetero-
nuclear NOE and the 15N T1 and T2 relaxation rates [21]. Peak
heights were determined by fitting the crosspeaks to two-dimensional
gaussians with the program Priism [43]. For the heteronuclear NOE,
uncertainties in crosspeak heights were taken as the baseline noise
levels and used to estimate the uncertainties in the NOE by standard
propagation of error. The T1 and T2 values were each determined by
taking 10 spectra with different relaxation delay times ranging from
10.2 ms to 1060.8 ms. Crosspeak intensities were fit to a single
decaying exponential and the uncertainties were taken as the error in
the fit. Dynamics parameters were extracted by fitting the data with
the model-free formalism using the programs Modelfree3.1 [45] and
DYNAMICS [22]. The form of the spectral density function used to fit
the data was specific for each amide and the simplest model that suf-
ficiently predicted the measured parameters was selected using the
strategy described by Mandel et al. [46] To estimate the overall tum-
bling time τm, we first eliminated residues having a low heteronuclear
NOE (< 0.65) and those subject to conformational exchange [23], and
performed the model selection by systematically varying τm over a
wide range of values. Values of τm that best fit the data were then
used to fit the remaining residues. The uncertainties in the order para-
meters (S2) and conformational exchange terms (Rex) were calculated
by fitting the data to multiple values of τm, reflecting the uncertainty in
determining the optimal τm.
Sidechain dynamics were investigated for both WT and 1D7 by mea-
suring the 2H T1 and T1ρ relaxation rates of CDH2 methyls at both 500
and 600 MHz [26]. Generalized order parameters (S2) and internal
effective correlation times were determined by fitting the relaxation
rates to the simple Lipari and Szabo Modelfree formalism [47].
Prediction and rank ordering of sidechain conformations
Sidechain conformations were predicted with the program ROC [7],
using version ROC* [14]. The template for the predictions was the
crystal structure 1UBI [15]. An ensemble of structures was generated
by running the program 10 times with the core sequence fixed to either
WT or 1D7. For both WT ubiquitin and 1D7, all runs converged to the
same structure. The statistical analysis of sidechain conformations for
the predicted and experimentally determined structures was performed
with the backbone independent library of Dunbrack and Cohen [27]
(URL: www.fccc.edu/research/labs/dunbrack/sidechain.html).
Accession numbers
The coordinates for the ensemble of structures and the restraint list
have been deposited in the Protein Data Bank (accession code 1UD7).
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